High-stability oxygen sensor based on amorphous zinc tin oxide thin film transistor This research presents a sol-gel derived zinc tin oxide thin film transistor (TFT) as a high-stability oxygen sensor. Due to its high sensitivity, oxygen has been traditionally regarded as having a negative influence on the electrical characteristics of zinc-based TFTs; however, TFTs can also act as an oxygen sensor. After illumination with visible light in oxygen-rich ambient, a significant increase in drain current of nearly 10 4 times occurs with fixed gate and drain voltages. It is expected that an optimized method of illumination can help to reset the electrical characteristics or distinguish the on/off state of this reliable oxygen sensor. During recent years, amorphous oxide semiconductors (AOSs) have shown great progress as materials crucial to thin film transistors (TFTs). 1 In particular, one of the most fruitful areas of AOSs research has focused on zinc-based semiconductors owing to potential applications involving active matrix organic light-emitting diode products or other functions in innovative future displays. 2, 3 Compared to conventional polycrystalline-silicon, the zinc-based AOSs attain low cost and good uniformity over a large area deposition by sputtering or by the sol-gel method. 4 Although the electrical characteristics are superior to amorphous hydrogenatedsilicon, the sensitivity of zinc-based TFTs to environment factors still remains a disadvantage when considered as a switching element. 5, 6 Several studies have suggested that the varying conductivity under illumination is associated with oxygen adsorption/desorption in the backchannel of the active layer. 1, 7 In this Letter, the unique oxygen sensitivity of sol-gel derived amorphous zinc tin oxide (a-ZTO) TFTs is utilized to develop a room-temperature-operated oxygen sensor. Moreover, illumination with visible light is adopted as a resetting method for the oxygen sensor, and further examined by varying the wavelength of light and operation time.
The detailed fabrication procedure of passivation-free a-ZTO TFTs with a bottom-gate bottom-contact configuration, as shown in the inset of Fig. 1 , has been reported previously. 8, 10 After forming a 300-nm-thick molybdenum tungsten gate and silicon nitride dielectric, source and drain electrodes were deposited by sputtered indium tin oxide. Precursor solution for fabricating spin-coated Zn-Sn-O thin films was synthesized by dissolving zinc acetate dihydrate [Zn(OAc) 2 2H 2 O] and tin chloride dihydrate (SnCl 2 2H 2 O) in monoethanolamine and 2-methoxyethanol at 60 C for 3 h, respectively. 8 Next, the active channel of the a-ZTO film was deposited by spin-coating with a thickness of 80 nm at room temperature and at atmospheric pressure. The channel layer was patterned by standard photolithography and wet etching. Finally, the device was subjected to thermal annealing at 350 C for 1 h under ambient oxygen in a furnace. The channel width and length are 50 and 8 lm, respectively. All current-voltage characteristics were measured at room temperature and in a vacuum chamber with gas-flow system and probe station using an Agilent B1500 precision semiconductor parameter analyzer. The threshold voltage (V T ) is determined by using the constant current method as the gateto-source voltage (V G ), which induces a drain current (I D ) of 1 nA. The light illumination of 5000 lux in intensity in this work was obtained by a halogen lamp whose spectrum is shown in the inset of Fig. 2(b) . The purpose of this work is to logically utilize this oxygen adsorption/desorption process to develop an oxygen sensor. Therefore, a large positive voltage is applied on the gate trying to repel holes from the front-channel to backchannel, which can therefore be expected to discharge the chemical adsorbed oxygen ions on the active layer. Figure 2(a) shows the I D -V G characteristics after applying 60 V on the gate for 120 s with grounded drain and source in oxygen ambient, and subsequent relaxation of 120 s with all terminals grounded in the same oxygen ambient. After applying bias or a relaxation operation, the electrical characteristics demonstrate a persistent positive shift, which means that more chemical adsorption of oxygen occurs due to gate bias operation. 10 Clearly, another efficient resetting method is required. Since the existing high-density electron traps above the valence band maximum with a large energy range, holes cannot drift to the backchannel of a-ZTO and desorb the adsorbed oxygen, unless under illumination. 4 Accordingly, a reset method is undertaken by illumination of visible light. The I D -V G characteristics of a-ZTO TFTs after 120 s of illumination and relaxation for 120 s both in oxygen-rich ambient are shown in Fig. 2(b) , respectively. The transfer curve exhibits an obvious negative shift due to the oxygen desorption by photogeneration holes, a shift phenomenon that still occurs after experimental repetition. This suggests that the reset and adsorbed operation of an oxygen sensor can be reproduced by visible light illumination.
To further verify the characteristics of an oxygen sensor, time evolution of I D before and after illumination for 120 s in oxygen ambient is extracted with fixed gate voltage of 8 V after repeating the oxygen adsorption/desorption cycle are shown in Fig. 3 . Thus, we can differentiate the I D between high-or low-current state, defined as the on-and off-state of the oxygen sensor, respectively. The ratio of I D between onstate (desorption of oxygen) and off-state (adsorption of oxygen) is as high as more than 10 4 times, which is quite important in identification of the sensor state, resulting in a reduction of erroneous judgment. Moreover, the on/off states were stable and well reproduced throughout the repeated cycling. It should be noted that the fluctuation of I D in the offstate during repeating the oxygen adsorption/desorption cycle can be attributed to the noise level of electrical measurement. However, after illumination in oxygen ambient, the oxygen can be expected to chemisorb back on the backchannel rapidly because of quick decrease in I D after light turning off for 120 s. This result indicates that the operating condition of sensor can have more examination.
The different operating condition of oxygen sensor are examined in more detail in Fig. 4 , which depicts the extracted I D ratio of the on/off states while reducing the illumination and relaxation time from 300 s to 120 or 60 s with varying wavelength of light in the same photon flux. The monochromatic light, red (660 nm), green (550 nm), or blue (490 nm), comes from the visible light passing through optical fiber and transfers through fiber cable and probe station microscope to focus the illumination on the a-ZTO TFT channel, respectively. These results demonstrate that the monochromatic blue light is still reliable to reset the oxygen sensor to on-state. A comparison of the I D ratio of the on/off states after different monochromatic illuminations for the same time indicates that the desorption rate of chemisorbed oxygen is a function of illuminated wavelength for the reset operation. 11, 12 Since the binding energy between adsorbed oxygen species (O À , O 2 À ) and Zn-based oxide surface is more than 2 eV, the illumination of green and blue lights are expected to enhance the formation of photogeneration holes. 13 In summary, the sol-gel derived a-ZTO TFT as an oxygen sensor with efficient operation is discussed herein. High-stable on/off state ratio about more than four orders of difference in I D at room temperature can be reproduced and be controlled by illumination with visible light for 120 s. Consequently, the sol-gel derived a-ZTO TFTs have the advantage of acceptable electrical characteristics with low fabrication cost as a switching device and of sensitivity to surrounding oxygen molecules for use as an oxygen sensor, which can be expected to be employed in all multifunctional AOSs-based devices, known as "system-on-glass." 
